• The spatial and temporal distribution of stomatal conductance of young Avena sativa cv. Seger leaves was studied when the whole-leaf transpiration was stable or displayed complicated oscillatory behaviour to determine whether different regions of the leaf behaved synchronously.
Introduction
Traditionally, two approaches have been used to study the water regulation of plants. In one approach, the transpiration rate and water uptake of the entire leaf or plant is studied. The second approach focuses on the behaviour of individual stomata. However, neither approach considers the variability in stomatal conductance that can occur across a leaf surface. Thus, the coupling and interactions between stomata have remained relatively unexplored .
Nevertheless, several studies of the spatial distribution of stomatal conductance across leaf surfaces have been performed during the last 15 yr (see review by Pospisilova & Santrucek, 1994) . A variety of experimental techniques have been used. These techniques include microscopic observation of stomatal aperture (van Gardingen et al ., 1989) , iodine staining to detect spatial variation in starch concentrations caused by differences in photosynthesis across leaf surfaces (Terashima et al ., 1988), 14 C fixation (Downton et al ., 1988) , vacuum infiltration of leaves by water (Beyschlag & Pfanz, 1992 ) and a porometer technique with an infrared gas analyser to record the spatial pattern of CO 2 assimilation and stomatal conductance (Lawson & Weyers, 1999) . Chlorophyll fluorescence can be used to determine the photosynthetic rate in different parts of the leaf and thereby indirectly the stomatal conductance distribution (Daley et al ., 1989; Genty & Meyer, 1994) . However, there has been some discussion whether photosynthetic assimilation rate is as closely coupled to stomatal conductance as traditionally believed ( Jones, 1998) .
It is well known from energy balance considerations that leaf temperature varies with leaf transpiration and therefore is a function of stomatal conductance (Fuchs & Tanner, 1966) . Kümmerlen et al . (1999) found a linear relationship between transpiration rate E and leaf temperature change ∆ T , defined as ∆ T = T ref − T leaf , where T ref is the temperature of a nontranspiring reference object and T leaf is the leaf temperature. The linear relationship E = k ∆ T , where k is a proportionality constant, was derived theoretically and confirmed experimentally. Thus, leaf temperature represents a reliable measure of the degree of stomatal opening. Correspondingly, infrared imaging, or thermography, represents an interesting tool for studying stomatal conductance. Infrared thermometry and thermography have been used to estimate stomatal conductance in the field (Smith et al ., 1988) and remote infrared sensing is an established technique for irrigation scheduling in arid environments (Fuchs, 1990; Jones, 1999a) . In plant pathology, the technique has been used to assess the viability of seedlings before planting (Egnell & Örlander, 1993; Nilsson, 1995) . Infrared thermography represents a fairly new method for investigating the spatial and temporal variation of stomatal conductance across leaf surfaces. Jones (1999b) showed that the technique has sufficient spatial resolution to yield information on the variability of stomatal conductance across the surface of Phaseolus vulgaris leaves. Jones used an infrared imaging system fairly similar to the one used in the present study, but focused on the absolute calibration of the stomatal conductance based on infrared images, and compared the leaf surfaces with various artificial reference surfaces of known conductances.
Many plant physiological systems exhibit oscillatory behaviour. Diurnal rhythms are well known in plants (Robertson McClung, 2000) , as is oscillatory water regulation, with periods ranging from a few minutes up to hundreds of minutes (for an early review, see Barrs, 1971) . On a cellular level, calcium ion (Ca 2+ ) oscillations in guard cells have been reported by McAinsh et al . (1995 McAinsh et al . ( , 1997 . The present study aims at a scale in-between the whole plant and the cellular level. At that scale, a pronounced heterogeneity in stomatal aperture across the leaf surface can sometimes evolve, where some areas, or patches, behave differently from other areas. This phenomenon, referred to as patchy stomatal conductance, has been observed in a wide variety of species (Terashima, 1992; Pospisilova & Santrucek, 1994) . Mott and Buckley (1998) reviewed possible mechanisms behind patchy stomatal conductance and emphasized the importance of hydraulic interactions among stomata. Mott et al . (1999) hypothesized and presented experimental evidence that the strength of the hydraulic coupling between stomata was proportional to evaporative demand and therefore inversely proportional to ambient humidity. Buckley et al . (1999) discussed the relationship between patchy stomatal conductance and the carbon-water balance and demonstrated, theoretically, that under some environmental conditions, a patchy pattern of stomatal conductance could have a positive effect on the ratio of carbon dioxide assimilation to transpiration. The environmental conditions promoting such a positive effect were conditions where this phenomenon has been observed experimentally. Examples are soil water-stress (Downton et al ., 1988) , low humidity (Mott et al ., 1993; Cardon et al ., 1994) , changing photon flux density (Eckstein et al ., 1996) and exogenous abscisic acid (ABA) treatment (Terashima et al ., 1988; Daley et al ., 1989; Mott, 1995) .
Mathematical models of systems of coupled stomata can be used to explore under which conditions complex spatial and temporal patterns of stomatal conductance arise. Rand et al . (1982) examined a one-dimensional system of coupled stomatal oscillators. Under certain conditions, the system exhibited stable, spatially uniform behaviour where stomatal behaviour was synchronized. However, under nonuniform illumination, the system behaved in a complicated, nonsynchronized manner. Haefner et al . (1997) constructed a model of hydraulically coupled stomata arranged in a two-dimensional lattice. Simulations showed that all stomata oscillated synchronously, albeit with small phase differences across the leaf surface, if they were given the same characteristics. However, when some of the stomatal parameters were spatially randomized and the ambient humidity was low, a patchy organization of areolae oscillating with different amplitudes and periods emerged. Thus, spatial inhomogeneities in stomatal properties as well as varying environmental conditions may promote uncoordinated stomatal behaviour.
In the present study, the temporal and spatial variation in stomatal behaviour across the surface of primary oat ( Avena sativa ) leaves was investigated under conditions where wholeleaf transpiration was either stable (constant) or oscillating. Two techniques, gas exchange measurements and infrared imaging of individual Avena leaves, were used simultaneously, enabling the connection between whole-leaf behaviour and the spatial distribution of stomatal conductance to be studied. We were interested in determining whether patchy stomatal conductance could occur in monocotyledonous leaves such as Avena , as has been observed in heterobaric leaves (Pospisilova & Santrucek, 1994; Siebke & Weis, 1995; Eckstein et al ., 1996) . Moreover, we wished to determine whether whole-leaf transpiration directly reflects the collective behaviour of the entire leaf surface (homogeneous stomatal behaviour) or is the sum of the behaviour of patches on the leaf displaying different behaviour (heterogeneous stomatal behaviour). This is particularly relevant in light of the observations of Siebke and Weis (1995) that gas exchange measurements can be constant while different areas of the leaf oscillated nonsynchronously and patchily. Several experiments were conducted during complex oscillatory whole-leaf transpiration such as perioddoubling, where every second transpiration peak is higher than those in between (period-2 oscillatory behaviour, as two major frequency components are involved; Johnsson & Prytz, 2002) , as little is known about the coupling between different areas of the leaf during such behaviour.
Materials and Methods
Primary leaves of A. sativa L. cv. Seger from Svalöf Weibull AB, Svalöv, Sweden, were used in the experiments. The plants were cultivated on a metal mesh in contact with tap water containing 1 m M CaCl 2 (Sigma-Aldrich, Oslo, Norway). The temperature in the cultivation room was 24 ± 2 ° C and the relative humidity (RH) was 25 ± 5%. Two Sylvania GTE Standard F18W/129 warm white light tubes (Sylvania, Danvers, MA, USA) positioned above the growth medium containers provided a 13-h photoperiod of 37 ± 10 µmol m − 2 s − 1 photosynthetically active radiation (PAR).
After 7-10 d the plants were transported to the gas exchange system ( Johnsson, 1973) . Single leaves were mounted in Plexiglas cuvettes (inner dimensions 17.5 × 109 × 10 mm, width × height × depth) with an air inlet on the bottom and outlet at the top of the cuvette. The root system protruded from the cuvette into a container (noncorrosive steel thermocup with double walls and bottom) filled with the root medium. The standard temperature of the root medium was 24 ± 2 ° C. The slight gap between the leaf base and the cuvette was carefully sealed using electrician's sealant to prevent air leakage. The gas exchange system consisted of four cuvettes with independent air supply and sensors. Dried air with a relative humidity of 5-10% RH and a temperature of 24 ± 2 ° C was circulated through the cuvettes with an air flow of approximately 100 ± 10 ml min − 1 using Rena Alize air pumps (Type 101; Rena, Annecy Cedex, France). The flow rate was measured using an Aalborg GFM171 mass flowmeter (Aalborg Instruments & Controls Inc., New York, NY, USA); HIH-3605-A capacitive humidity sensors (Honeywell, Morristown, NJ, USA) were used to detect the relative humidity of the air exiting the cuvettes and provided a measure of the transpiration of the plant in the cuvette. The absolute values of the transpiration were estimated from the transpiration measurements and varied typically between 0 and 60 mm 3 H 2 O h − 1 (3.7 mmol m 2 s − 1 ) with leaf areas of approximately 250 mm 2 .
In some experiments, a special type of plexiglass cuvette (inner dimensions 20 × 60 × 15 mm) was used. These cuvettes enabled mechanical pressure to be applied to the leaf base or the xylem of the plants (Brogårdh & Johnsson, 1973) . The mechanical pressure was applied by two small aluminium plates pressed together by a spring. The leaf base was positioned between the plates. Two small parallel bars (with triangular cross-sectional area) 1 mm apart on one of the plates pressed against the xylem or leaf base of the plants with a force that was dependent on the precise position of the spring. The force was of the order of 5 N (Brogårdh & Johnsson, 1973) . This pressure was used to restore the water transport resistance in plants after excision of the root system (Falk, 1966; Brogårdh & Johnsson, 1973) . The removal of the root system facilitated the uptake of different chemical substances by the plant.
The standard white light irradiance (PAR value) used in the gas exchange experiments was 80 µmol m
Xenophot HLX 64640 FCS 24 V/150 W halogen bulb (Osram GmbH, München, Germany) mounted in a lens system inside a closed box was used as the light source. In experiments with an intact root system, oscillations were induced by increasing the irradiation to 180 µmol m − 2 s − 1 for 12 min (Prytz, 2001 ).
In some experiments, the root system was excised at the start of the experiment by cutting the coleoptile with a sharp knife below the water level (Falk, 1966) . In this case, the special cuvette enabling pressure application to the leaf base was used.
Oscillations were induced by slowly and carefully increasing the external pressure application thereby increasing the artificial water transport resistance (Brogårdh & Johnsson, 1973) . Perturbations were applied to some of the root-excised plants by exchanging the standard root medium with medium containing 40 m M KCl (Sigma-Aldrich). This was achieved by changing the root medium containers and took no more than 5 s. Perturbations were administered when the oscillations had stabilized, typically for a few hours, and were given at the minima of the oscillations. Such perturbations have been found to induce period doubling and other complex transpiration oscillations in young Avena leaves (Prytz, 2001) . Infrared images were obtained using a ThermaCAM PM 595 infrared camera from FLIR Systems (North Billerica, MA, USA). This is a long-wave (7.5-13 µm) thermography system with a 240 × 320 pixels uncooled microbolometer focal plane array. The PM 595 camera has a 24 × 18 ° field of view lens with a minimum focus distance of approximately 0.4 m, giving a maximum spatial resolution of approximately 0.53 × 0.53 mm (absolute size of one pixel at 0.4 m focus distance). In some experiments, a close-up lens (LW 64/150, same supplier) was mounted on the camera. This close-up lens lowered the minimum focus distance to 0.15 m, giving a maximum spatial resolution of approximately 0.20 × 0.20 mm (minimum absolute pixel size). The thermal resolution of the camera is 0.1 ° C at 30 ° C ambient temperature, and the temperature accuracy is approximately ± 2 ° C. Software allowed for correction of object emissivity, object distance, relative humidity and ambient temperature after the images had been recorded. However, the main interest of these experiments was relative temperature differences on the surface of leaves as a function of time, making the absolute temperature level of secondary interest. The leaf emissivity was set to 0.97 in all experiments. This value was chosen based on the emissivity in different types of vegetation given by Humes et al . (1994) and Idso et al . (1969) .
It was found that the Plexiglas walls of the cuvette were not transparent to the infrared wavelengths detected by the camera. The front Plexiglas wall of the cuvette was therefore replaced by a thin, see-through plastic film (polyethylene), which was transparent to the relevant wavelengths. The plastic film was carefully positioned across the front surface of the cuvette and taped to the cuvette sides to prevent air leakage. Care was taken to avoid stretching the film. However, in some experiments, stretching the plastic film caused small reflections (bands) in the images that had to be taken into account in the analysis.
Images were recorded sequentially to study temperature as a function of time. The sampling period between the image recordings was either 10 s or 30 s. Equidistant points along a virtual line from the top to the bottom of the leaf were selected and the temperatures at these points were analysed as a function of time. To reduce noise, the mean temperature of 3 × 3 pixels was defined as a point value. In addition, zero-phase forward and reverse digital filtering was used to remove noise from the results.
The transpiration was recorded every 10 s. To compare the leaf temperature measurements with the transpiration measurements, the readings from the RH sensors were corrected for the air transport delay from the cuvettes to the sensors. The time delay was also dependent on the magnitude of the air flow, which could decrease because of air leakage in the cuvettes. The time delay was estimated by comparing the recordings from the infrared camera with those of the RH sensors during a leaf shading procedure, which presumably changed both the temperature and the transpiration fairly rapidly. The delay effect had to be taken into account, as it was difficult to seal the cuvettes completely.
Results

Leaf temperature distribution during nonoscillatory transpiration
The spatial distribution in leaf surface temperature was first studied when whole-leaf transpiration was fairly stable, or at least nonoscillating. A total of 23 experiments were performed.
It was of particular interest to determine whether leaf surface temperature and thereby stomatal transpiration was constant across the leaf surface or if patchy regions could be observed under these stable conditions. The experiments with nonoscillating whole-leaf transpiration showed that the stomatal transpiration was, for the most part (approx. 80%), spatially homogeneous. However, nonhomogeneous temperature distributions indicating nonhomogeneous stomatal behaviour over the leaf surface were observed in approximately 50% of the plants but for only 10 -20% of the experimental time. Such nonhomogeneous behaviour is shown in Fig. 1 , where eight thermograms taken at different times throughout a recording are presented. The whole-leaf transpiration was stable for the duration of this recording.
Leaf temperature during oscillatory transpiration
Spatial variations in leaf surface temperature were also studied under conditions with different oscillatory water regulation patterns. Five experiments were conducted. Figure 2a shows a recording of the transpiration from the whole leaf of a plant exhibiting oscillatory water regulation, measured with the gas exchange technique. A single period from the time series, indicated by the region between the vertical lines in Fig. 2a , was chosen for further analysis of the leaf temperature conditions in different phase positions in an oscillatory cycle (Fig. 2b) . Thermograms taken 1 min apart during this period are presented in Fig. 2c , with the corresponding phase position indicated by circles in Fig. 2b .
As can be seen from the image sequence, the temperature patterns over the leaf surface varied with time. Generally, the leaf surface temperature decreased when the transpiration increased, indicating that the leaf transpiration and the leaf temperature signals were principally in antiphase. However, temperature phase differences occurred across the leaf surface: a low temperature area appeared in the middle of the leaf and spread to upper and lower zones of the leaf surface when the whole-leaf transpiration was increasing. After approximately 7 min, the wave of reduced temperature had reached the top and bottom parts of the leaf. The length of the transpiring area of the leaf was estimated to be approximately 8 cm (i.e. 4 cm was traversed in 7 min). Thus, the temperature profile propagated with a speed of approximately 6 mm min −1 in the vertical direction.
The oscillatory pattern of the transpiration rhythms of different parts of the leaf in Fig. 2 are shown in Fig. 3 , where the leaf temperature at 11 positions equidistant along the vertical centre line of the leaf surface is depicted. By comparing the temperature minima and maxima across the leaf surface during oscillations, the phase difference between different positions on the leaf could be determined. Usually, the topmost and lowermost positions reached the temperature maxima and minima some time after the central region of the leaf. The mean time difference between the extrema for the topmost and lowermost positions and the extrema of the centre position of the leaf were calculated from the thermograms. For the data shown in Fig. 3 , the topmost position on the leaf lagged behind the centre position by 0.8 min, whereas the lowermost position lagged behind the centre position by approximately 2.4 min.
In one of the experiments, considerable differences in surface temperature were found in the transverse direction of the leaf. As shown in Fig. 4 , the right side of the leaf appeared to react more quickly, and as the transpiration increased, a wave of lower leaf temperature evolved, starting from the right side of the leaf. It is assumed that the microenvironmental conditions at the border of the leaf may account for these transverse temperature gradients (see the Discussion). After approximately 6 min, the wave of lowered temperature had reached the left edge of the leaf. Thus, the wave of lowered temperature propagated with a speed of approximately 1 mm min −1 in the horizontal direction, given a leaf width of approximately 6 mm. Despite this nonhomogeneous behaviour on the leaf surface, the oscillations in the whole-leaf transpiration appeared regular. (a-h) Images were recorded at t = 0, 0.5, 1.5, 2, 2.5, 3, 4.5 and 6 min, respectively. The transpiration increased during this period (i.e. the recording was made at the increasing flank of an oscillatory cycle). The oscillations in whole-leaf transpiration appeared regular despite the nonhomogeneous temperature distribution. Image height 2 cm.
Leaf temperature during complicated oscillatory behaviour
Transpiration patterns from the Avena leaf can show complicated oscillatory behaviour, such as period doublings (Johnsson & Prytz, 2002) . In the following experiments, anomalous curve forms in the transpiration pattern of rootexcised, xylem-compressed plants were induced by exchanging the standard root medium with medium containing 40 mM KCl (Prytz, 2001) . Figure 5 shows a recording of the overall transpiration of the leaf together with the temperature at 11 locations on the leaf surface. The transpiration signal displayed a clear period-2 oscillation (periods approximately 20 min and 40 min), where the high-low amplitude pattern was repeated. Thus, two frequency components were present in this signal, a component with the basic frequency f and a component with the frequency f/2. All the 11 locations on the leaf also demonstrated this pattern in the leaf temperature signal. The frequency content of the leaf temperature time series was analysed using a fast Fourier transform routine, resulting in spectra where two distinct peaks could be seen for all positions, corresponding to the two components f and f/2 (Fig. 5, bottom) .
As in Fig. 3 , the spatial distribution of temperature (and presumably stomatal conductance) was highly cross-correlated across the leaf surface. However, the longitudinal phase difference discussed above was still present with a mean phase lag of 1.8 min for the topmost position and 1.2 min for the lowermost position on the leaf (again with respect to the centre of the leaf ).
The phase heterogeneity pattern can be visualized by a plot of leaf surface temperature vs time and position in Fig. 6 ; whole-leaf transpiration is also shown. A total of 11 equidistant points from the top of the leaf to the bottom of the leaf were used in the analysis. This plot also shows how the whole leaf surface oscillated in the same manner and that there were some phase differences between various parts of the leaf. The period-2 behaviour of the transpiration (alternating high/low peaks) is also demonstrated in the leaf temperature plot (i.e. lower temperature profile for high peaks).
More complicated oscillatory behaviour is shown in Fig. 7 . The transpiration signal (bottom of Fig. 7 ) is a modulated sine wave containing several frequency components. The leaf temperature at 11 positions along a vertical line on the leaf surface is also shown. All positions showed the same quantitative oscillatory behaviour. Again, the spectra of the leaf temperature signals and the transpiration signal contained the same main frequency components (not shown). In Fig. 7 , the topmost position of the leaf had a phase lag with respect to the centre of the leaf by a mean time of 2.2 min, whereas the lowermost position lagged behind the central areas by approximately 2.8 min. Figure 8 shows the behaviour of the spatial distribution of leaf temperature when the oscillations in whole-leaf transpiration are damped out. The oscillations in whole-leaf transpiration and leaf temperature were damped out approximately simultaneously.
Discussion
Infrared thermography proved to be a suitable method for investigating the spatial distribution of leaf surface temperature and, indirectly, stomatal conductance in Avena leaves. The temperature (0.1°C at 30°C ambient temperature), spatial (0.20 mm using close-up lens) and temporal resolutions of the imaging system were sufficient for detecting spatial heterogeneity in leaf temperature and, indirectly, patch-like stomatal conductance in Avena leaves. However, absolute temperature values as well as the dynamics of temperature changes should be interpreted with caution. Fig. 6 The whole-leaf relative change of transpiration (top) and leaf temperature as a function of time and position along a vertical line from the top (position 1) of the leaf to the bottom (position 11) of the leaf (see Fig. 5 ). The solid lines mark the temperature maxima and the dotted lines mark the temperature minima across the leaf. These lines illustrate the longitudinal temperature phase lag across the leaf. The temperature scale is shown in the colour bar to the right. The thermograms were recorded every 30 s. Period doubling in the root-excised, xylem-compressed oat seedling was induced by exchanging the standard root medium with medium containing 40 mM KCl. Image height 7 cm.
Fig. 7
The whole-leaf relative change of transpiration (bottom) and leaf temperature at 11 different positions on the leaf surface, indicated by the dots in the thermogram to the right. The colour bar indicates the temperature scale of the thermogram. Thermograms were recorded every 30 s. The leaf is outlined in white. The complex oscillatory pattern displayed by the root-excised, xylem-compressed oat seedling was induced by exchanging the standard root medium with medium containing 40 mM KCl. Image height 10 cm. Fig. 8 The oscillations in the whole-leaf relative change of transpiration (bottom) as well as the oscillations in leaf temperature were damped out approximately simultaneously. Leaf temperature graphs are shown for 11 equidistant positions, as indicated in the thermogram to the right, where the leaf is outlined in white. The colour bar indicates the temperature scale of the thermogram. In this case, unfiltered leaf temperature data is presented. Thermograms were recorded every 30 s 40 mM KCl was included in the root medium of the root excised, xylem-compressed plant. Image height 10 cm.
Because of the heat conductivity of the tissue, a point heat source will transport heat to the surface surroundings of the leaf as well as to deeper tissue. If a very rapid temperature change occurs in the cells around a stomatal cavity, the temperature recording of the leaf surface will depend on the heat profiles of the surrounding cells, as well as the heat capacity of the deeper cell layer below the cavity (and the air layers). The temporal changes of the temperature patterns will therefore be a result of the speed of the temperature changes at the stomata as well as of the filtering frequency action of the surrounding tissue, resulting in a dampening of rapid temperature changes.
Under nonoscillatory conditions, the leaf temperature distribution and thereby the distribution of stomatal conductance in Avena sometimes displayed behaviour similar to what is commonly described as patchy stomatal conductance (Pospisilova & Santrucek, 1994; Beyschlag & Eckstein, 1998; Mott & Buckley, 1998) . According to Beyschlag & Eckstein (1998) , a heterobaric leaf anatomy, where the leaf is divided into areas by small veins, seems to promote the occurrence of stomatal patchiness. Several studies have reported stomatal patchiness in heterobaric leaves (Siebke & Weis, 1995; Eckstein et al., 1996) . Stomatal patchiness has also been reported in homobaric leaves (Loreto & Sharkey, 1990; Eckstein et al., 1996) . Moreover, nonuniform photosynthesis has been observed in monocotyledonous leaves, such as those of grasses (Terashima, 1992) . Our results for Avena leaves show that patch-like stomatal conductance can occur in monocotyledonous leaves.
It has been proposed that stomatal patchiness may be a result of heterogeneous water status in different parts of the leaf (Beyschlag & Eckstein, 2001) . It was also suggested that anatomical differences between stomata on the leaf, as have been observed in some species (Willmer & Fricker, 1996) , may contribute to the water status heterogeneity. Simulations of a mathematical model of a two-dimensional lattice of coupled stomatal units with randomized stomatal characteristics also support this suggestion (Haefner et al., 1997) . Thus, the patchy stomatal conductance observed during stable wholeleaf conditions may be a result of heterogeneous water distributions in the leaf, amplified by spatial inhomogeneities in stomatal properties.
During oscillatory transpiration, the entire Avena leaf oscillated synchronously, apart from a distinct phase difference pattern. Distal areas of the leaf (i.e. the top and bottom part) lagged behind the central region by approximately 0.5-3 min. These phase differences may be a result of slight water status heterogeneities across the leaf. It is possible that the central leaf areas have the most direct water channelling from the xylem and the water flux from the root. The more peripheral areas have a more indirect channelling and will thus lag behind. Therefore, the phase heterogeneity can be viewed as a transport delay phenomenon. Slight differences in stomatal properties across the leaf may further enhance this effect. Siebke & Weis (1995) reported that synchronous stomatarelated oscillations in leaves of Glechoma hederacea, initiated by rapid changes in gas composition, could change into nonsynchronous oscillations, owing to slight local variations in the period. As a consequence, the oscillations in the net gas exchange rate (H 2 O and CO 2 ) died out while leaf assimilation continued to oscillate nonsynchronously and patchily. The patches were, to a large extent, determined by the small veins on the leaf surface. However, when oscillations were recorded in the net gas exchange rate (H 2 O and CO 2 ), the stomatarelated oscillations were always synchronized.
Contrary to the findings of Siebke & Weis (1995) , examples of different patches oscillating with different periods were not found in the present study. When oscillations in wholeleaf transpiration were damped out, the leaf temperature oscillations at all positions analysed were damped out at the same time. When complicated oscillatory patterns consisting of several frequency components were observed in the whole-leaf transpiration, the same frequency components (albeit with slight amplitude differences) were present in the leaf temperature of all areas of the leaf. This implies that in Avena, a complicated transpiration signal was the result of the whole leaf displaying this anomalous behaviour. Our findings do not, however, rule out the possibility that under some conditions, the whole-leaf transpiration can be stable while different patches oscillate in Avena.
The lack of nonsynchronously oscillating patches in Avena may be a result of the anatomy of monocotyledonous leaves where the main veins run parallel with the leaf blade. These parallel veins may strengthen the coupling between different areas of the leaf in the longitudinal direction, thus giving rise to the coordinated behaviour. In heterobaric leaves, nonsynchronously oscillating patches tend to coincide with the areoles, which are hydropneumatically separated from each other by leaf veins (Siebke & Weis, 1995; Haefner et al., 1997; Beyschlag & Eckstein, 2001) . Thus, the probability of patchy stomatal behaviour is higher in heterobaric than in monocotyledonous or homobaric leaves (Terashima, 1992; Beyschlag & Eckstein, 2001) . Given the anatomy of monocotyledonous leaves, it is also possible that the coupling in the longitudinal and transverse directions of the leaf differ. In the longitudinal direction, temperature profiles propagated with speeds of up to 6 mm min −1 whereas in the transverse direction the speed was lower (1 mm min −1 ). It is perhaps possible that such anisotropic coupling may be one of the factors involved in generating patch-like stomatal conductance in Avena.
Synchronous whole-leaf behaviour during complex oscillatory transpiration suggests that the coupling between stomata on different areas of the leaf was strong. Although temperature distributions across Avena leaves during nonoscillatory behaviour were, for the most part, homogeneous, the occurrence of nonhomogeneous patch-like distributions indicates that the coupling was somewhat weaker during this type of behaviour. Earlier studies also found strong coupling between different segments of Avena leaves during oscillatory conditions (Brogårdh & Johnsson, 1974) . Recent studies of the mechanisms coordinating stomatal behaviour point to hydraulic interactions between stomata mediated by transpirationinduced changes in epidermal turgor rather than chemical (e.g. ABA from roots) or other nonhydraulic mechanisms . Hydraulic interactions imply that stomatal coupling should be stronger during low humidity conditions (high evaporative demand) as epidermal turgor is more sensitive to stomatal aperture under these conditions (Haefner et al., 1997; Mott et al., 1999) . As the humidity (5% RH) of the input air was low in the present study, the strong coupling observed between the different areas of the leaf is compatible with hydraulic interactions. As the strong coupling was also observed after excision of the root system, a chemical signal from the roots is not possible. In a study of another monocot (wheat), stomata in one area of a wheat leaf responded to changes in another area of the same leaf in a manner consistent with hydraulic interactions between stomata . Thus, it is likely that the coupling in Avena leaves is a result of hydraulic interactions.
A transversal wave of decreasing temperature was observed in one of the experiments (Fig. 4) . In this particular experiment, the leaf was unintentionally mounted at a small angle to the front wall of the cuvette, instead of parallel to it. The distance between the leaf and the front wall was greater on the right hand side than on the left side. This may have decreased the unstirred air layer thickness on the right side of the leaf, thereby increasing the transpiration as the resistance towards transpiration increases with the thickness of the unstirred air layer next to the leaf (Nobel, 1991) . Thus, this effect can induce an inhomogeneous water distribution in the leaf, which can further promote heterogeneous stomatal behaviour. This experiment emphasizes the importance of having uniform experimental conditions across the leaf surface when assessing spatial distributions of stomatal conductance.
The experiments reported here demonstrate that the leaves of the monocot Avena at times display behaviour similar to patchy stomatal conductance. However, such behaviour was only observed during stable, nonoscillatory whole-leaf transpiration. During oscillatory water regulation, the whole leaf oscillated synchronously, but with a distinct phase difference pattern characterized by distal regions of the leaf lagging 0.5-3 min behind the central region. When whole-leaf transpiration displayed period doubling or even more complicated oscillatory patterns composed of several frequency components, all areas of the leaf oscillated with the same frequency components albeit with different amplitudes. This suggests that there is a strong coupling between different areas of Avena leaves. However, this coupling appears to be weaker during nonoscillatory behaviour.
